Three-dimensional printing has rapidly become an easily accessible, innovative and versatile technology, with a vast range of applications across a wide range of industries. There has been a recent emergence in the scientific literature relating to its potential application across a multitude of fields within medicine and surgery; however, its use within anaesthesia has yet to be formally explored. We undertook a systematic review using MEDLINE and EMBASE databases of three-dimensional printing in anaesthesia. We identified eight relevant articles. Due to the paucity of studies, we also completed a narrative review of the applications of three-dimensional printing pertinent to anaesthetic practice that our department are currently exploring, and suggest potential future uses for this technology relevant to our speciality.
Introduction
Three-dimensional (3D) printing, also known as additive manufacturing, is a rapidly developing manufacturing process in which a 3D solid material object is created from a digital image. This can be done via a number of methods, utilising various print mediums. The most common technique is known as fused deposition modelling, whereby a plastic polymer filament is extruded via a heated nozzle onto a print platform. Here, the plastic instantly cools down and solidifies, with further deposition of layer upon layer, thus building up a 3D object. Complex models are created by printing additional support structures within or around the planned object to form struts, which are easily removed once the plastic model has finished printing. The plastic mediums most commonly used include thermoplastics such as acrylonite butadiene styrene (ABS), the same polymer used to form LEGO â bricks (The Lego Group, Billund, Denmark) and the biodegradable polylactic acid (PLA), as used in plastic cups. Newer polymers with different flexibilities and hardness, such as flexible thermoplastic polyurethane or carbon fibre reinforced filament, are currently exploding onto the market as consumers explore the potential uses of 3D printing. Other costlier and more complex means of 3D printing include selective laser sintering (SLS) and stereolithography (SLA). Selective laser sintering utilises a laser to fuse materials, such as powdered metal, at defined points in space as dictated by the 3D print, whereas SLA uses ultraviolet laser to solidify a liquid photopolymer resin. This review will deal predominantly with fused deposition modelling printers, as these are more within the reach of everyday consumers. Three-dimensional printing has proven to be an exciting and revolutionary technology in industries outside of medicine, being used in manufacturing, design, engineering and art. Development of the technology, since its inception in the early 1980s, has seen rapid innovation, and since the expiration of patents in 2009, what initially began as technology available only for multi-million dollar industry and commercial applications, has now led to affordable, desktop size, low-cost printers for personal use. Three-dimensional printers that originally cost £16,280 (€18,230, $20,000) are now priced under £1,600 (€1,800, $2,000), thus heralding the birth of the consumer 3D printer.
Specific to medicine, certain subspecialties have begun to embrace 3D printing. Surgery tops the list of these [1, 2] , with 3D printing being used for pre-operative surgical planning in maxillofacial surgery [3] [4] [5] [6] , neurosurgery [7] , orthopaedics [8] , plastic and reconstructive surgery [9, 10] , hepatobiliary resection [11, 12] and cardiothoracic surgery [13, 14] . Other uses include the printing of orthopaedic prosthesis [15] [16] [17] , teaching through use of 3D-printed anatomical models [18] [19] [20] [21] and for patient education purposes [22, 23] . As the technology becomes more accessible and affordable, the ability to tinker with the technology is now within reach for most hospital departments.
There has never been any formal literature review on 3D printing directly related to the field of anaesthesia. We therefore performed a systematic review of the current literature in order to investigate further the potential future applications of 3D printing within the field of anaesthesia.
Methods
We performed a systematic literature search for pertinent articles using MEDLINE and EMBASE databases as guided by the PRISMA statement [24] . Minimal search limitations were included to ensure capture of all potentially relevant articles; we included publications in English and those with an available abstract published between January 1990 and June 2016. The initial search contained variations of combinations of the following terms and keywords: printing, three-dimensional; 3-Dimensional Print/printing; 3D/3-D Printing; rapid prototyping; and fused deposition modelling. These terms were combined with variations of a list of terms relevant to anaesthesia, which including the following: anaesthesia; anesthesia; anaesthetics; anesthetics; anaesthesiology; peri-operative care/period; postoperative complications; airway management; and injections, spinal (Appendix 1). We did not review articles in engineering and veterinary publications, nonbiomedical articles, and those clearly focussed on non-anaesthetic specialties (e.g. orthopaedic or maxillofacial surgery). Each abstract was independently screened by each investigator to identify relevant studies.
Results
A total of 34 articles that met our search criteria were identified once duplications had been excluded. Many articles dealt with intra-operative use and 3D-printed anatomical models for medical student and trainee education. However, any article deemed of even tenuous relation to the field of anaesthesia was included. Only eight articles were included as being of direct relevance regarding 3D printing in the field of anaesthesia (Fig. 1) . Due to this low number of studies, which were also heterogeneous in nature, further pooled analysis was not possible and the included studies were therefore described in a narrative review.
In 2015, Wilson et al., described a situation where 3D printing was used to produce a representation of a paediatric patient's airway, in order to assist the preoperative sizing of airway devices to achieve one-lung ventilation [25] . The model was printed using SLA, in a clear, rigid resin. The printed model allowed the anaesthetic team to trial a range of airway devices and tracheal intubation techniques pre-operatively, culminating in a planned and practiced means of placing side-by-side tracheal and bronchial tubes. They deemed this approach to be useful, and intra-operative one-lung ventilation was achieved successfully using their planned approach. Similarly, using a desktopused deposition modelling printer, Han et al. produced a 3D ABS model of a patient's airway following total laryngectomy in order to aid pre-operative airway management planning [26] . Both these cases employed the use of the commercial software Mimics â (Materialise, Leuven, Belgium) and noted that the models were formed of hard plastic, which may not have represented the flexibility of human tissue; however, both authors felt the model was adequate to achieve their desired results. Zopf et al. described the successful use of a commercial 3D-printed bioresorbable airway splint, made using SLS [27] . The design was engineered specifically for a premature infant born with localised tracheobronchomalacia. Emergency Food and Drug Administration approval for its use was obtained and the stent was deployed to maintain patency in a collapsed bronchus. At 1-year follow up, the bronchus remained patent, and the stent was estimated to have been fully absorbed within 3 years. This case required the use of specialised commercial 3D printing software, hardware and print medium. Likewise, Cheng et al. presented a similar approach in adults, whereby 3D printing was used to create moulds sized from patient computed tomography (CT) scans, upon which silicone-based implantable airway stents were produced for treatment of tracheobronchial stenosis [28] .
In terms of use in education and training, West et al. developed a 3D-printed spinal column for use as an ultrasound phantom model [29] . This involved utilising a commercially available software program to recreate the 3D model based on patient CT scans, and then printing on a fused deposition modelling printer. They then immersed the model in a gelatinous medium to produce their trainer. Side-by-side comparisons with real-time ultrasound of human lumbar spinal columns showed similar sonographic images. Bustamante and Cheruku published a short piece discussing the theoretical possibility of printing bronchial tree anatomy to allow teaching and surgical planning before double-lumen tracheal tube placement [30] . The authors suggested this could potentially be achieved in under 20 h with the correct software and 3D printing hardware. This concept was based on a prior publication by Bustamante et al. where a bronchial tree replica model was produced with an SLA printer [31] . Records excluded based on abstract -no relevance to anaesthesia (n = 28)
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The cost of their model was quoted at £200 (€227, $250). Byrne et al. similarly created a bronchoscopy trainer by modelling a normal adult airway up to tertiary bronchioles using a desktop fused deposition modelling printer which showed good fidelity for teaching bronchoscopy to respiratory medicine trainees [32] .
Discussion
We were surprised at the scarcity of anaesthetic-specific literature pertaining to 3D printing, given its presence in other medical subspecialties. Within our institution in Melbourne, Australia, we have formed a multidisciplinary working group of clinicians with an interest in 3D printing technology to explore ways whereby this technology could be utilised beneficially. Specifically, in the field of anaesthesia, our working group felt that there existed a multitude of potential applications for 3D printing, with its use as an educational tool at the forefront. As mock anatomical models are used commonly in anaesthetic training, we studied the potential for 3D printing as a means of developing such models. Some of the benefits we perceive that such models have over existing educational devices are listed in Table 1 .
Setting up the ability to 3D print was rather straightforward. Consumer desktop 3D printers range in price from anywhere as little as under £300 (€350, $380) to over £6,000 (€7,000, $7,500) depending on the degree of print resolution required. At the Austin Hospital, Melbourne, we decided to purchase two midrange consumer printers (Makerbot Replicator 5th generation, Makerbot Industries, Brooklyn, NY, USA) for approximately £3,100 (€3,500, $3,800) per printer (Fig. 2) . The use of taking medical imaging file standards, in Digital Imaging and Communications in Medicine (DICOM) files, and then converting them into a virtual 3D model, known as a Standard Triangle Language (STL) file as a blueprint for 3D printing, is well described, using readily available computer software.
Numerous software packages exist on the market, including those that require commercial licences, along with several open-source software programs. To minimise costs, we embraced two open-source software packages: 3D Slicer (v4.5; www.slicer.org) [33] ; and Meshmixer (v3.0; Autodesk Inc., San Rafael, CA, USA. www.meshmixer.com) [34] , both of which are free to download. 3D Slicer allowed good functionality in terms of converting our CT and MRI files from their standard DICOM format into 3D virtual models (Fig. 3 ). These were then further rendered and refined using Meshmixer, a user-friendly, computer-aided design (CAD) software package (Fig. 4a,b) . To date, we have not been limited by the functionalities of Table 1 List of some of the potential benefits of threedimensional printed educational models.
1 Anatomical models based on real patient anatomy, as sourced from real patient Digital Imaging and Communications in Medicine (DICOM) files to improve fidelity. 2 Long-term economic benefit of producing cheap inhouse models, compared with purchasing expensive high-end commercial models. 3 Ease of replacement of models when/if damaged. 4 Ability to modify models and customise towards the trainer's needs and expertise. 5 Ability to replicate and 'mass produce' training models on demand. 6 Ability to freely share files for printing pre-designed models. 7 Benefits of plastic compared with animal or cadaveric models include issues surrounding ethical use, sourcing, storage, disposal, contamination and infection, reusability, and unpleasantness to use. 8 The ability to produce cheap and rapid prototypes for problem solving or as models for potential clinical inventions. Figure 2 The three-dimensional printer used in our instititution; MakerBot â Replicator 2X (MakerBot â Industries, Brooklyn, NY, USA).
these free programs, and have found online support forums where guidance and support were readily available. Within a few months of experimenting with the technology, our group has managed to convert real patient CT scans into reproducible prototype models as discussed below. We are currently developing a number of 3D model prototypes.
Neuraxial needling trainer
Similar to West et al. [29] , we applied the technique of using CT images of human anatomy to print segments of thoracic and lumbar spines (Fig. 5a ). Immersing the model within a stable, translucent medium allows for a realistic neuraxial trainer for teaching purposes (Fig. 5b) . The translucency of the medium allows visualisation of the angle and depth of the needle to assist trainees in understanding the need for correct site and angle of needle insertion, as well as help understanding alternative techniques to a midline approach, such as paramedian insertions (Fig. 5c) . The production cost of the model (excluding the cost of the 3D printer) was less than £15 (€18, $19) including all consumables; we are unaware of any similar training models of equivalent fidelity at that price point. As with West et al.'s model, our model was also able be used to teach the use of ultrasound identification of spinal anatomy (Fig. 5d) . The production of 3D-printed spinal models also has the potential to assist pre-operative planning. A patient's spinal column could be 3D printed in select cases where neuraxial anaesthesia was anticipated to be difficult. For example, patients with advanced degenerative arthritis, previous surgery or metalware such as Harrington rods, or anatomical abnormalities such as kyphoscoliosis or ankylosing spondylitis. An anaesthetist could theoretically pre-determine and plan the most successful insertion site and angle of approach in which to perform a neuraxial procedure; alternatively, they may deem that there would be no viable route for access to the neuraxial space, and therefore decide not to even attempt neuraxial blockade. As with surgical planning, the model could be referred to in real-time while performing the procedure, to best understand reasons for difficulty with insertion. This concept has never previously been suggested in the literature.
Surgical airway trainer
Currently, for surgical airway training, many institutes (including our own), have adopted the use of animal parts to closely replicate the feel of performing procedures on live human tracheas. In terms of fidelity and experience, it appears to be the closest surrogate to live human tissue, and avoids the complexities of accessing human cadaveric specimens. However, even animal specimens have associated problems, including sourcing, storage, disposal, contamination, risk of disease transmission and being unpleasant to use for some participants. They are also labour intensive in terms of acquisition and preparation of the specimen for teaching purposes. We have, therefore, created 3D-printed tracheas based on human CT neck scans. Initially, these were produced using ABS plastic, but in order to more closely mimic the tactile properties of human tissue, we have been exploring printing with flexible thermoplastic polyurethane medium, and have designed a robust working prototype (Fig. 6) . Subjectively, we believe this has a similar feel in terms of compressibility and deformity as compared with an animal trachea when penetrated with a needle or scalpel. We are currently completing more in-depth research into how closely this mimics our animal training models. By suspending the 3D-printed models in a gelatinous medium to replicate subcutaneous tissue, the fidelity is further improved. From an economic perspective, these models can be printed for as little as £4 (€4.6, $5) per model; by way of comparison, current commercial surgical airway training models cost in excess of £400 (€460, $500).
Because of the ease of customisation with 3D printing, combined with the ability to refine and mould the models with software programs, we see a potential for these airways to be tailored for different needs. For example, models of varying adult sizes could be produced or paediatric surgical airway teaching models created; the latter are currently not available commercially. Our airway models also have the potential to be used as teaching tools for the insertion and management of tracheostomies for intensivists, respiratory physicians and allied health staff. By immersing the 3D models in our gelatinous medium, we can alter the depth of the simulated subcutaneous tissue, allowing development of a model representative of a bariatric neck. A thin top layer of our printed plastic polymer provides a realistic flexible layer that provides the sensation of skin.
Tracheostomy, bronchoscopy and lung isolation trainers
As with Byrne et al. [32] , we have printed a bronchial tree from ABS to further corroborate the ease and feasibility of producing anatomical models from CT scans (Fig. 7) . As bronchoscopy trainers, these have wide reaching implications for trainees, not only in anaesthesia and respiratory medicine but also intensive care, otorhinolaryngology and thoracic surgery. We are also exploring the use of our flexible polymer medium to see if this further improves realism. Not mentioned in Byrne's publication is what we see as a unique benefit of 3D printing, namely the ability to model a multitude of differing patient pathologies such as tracheal stenosis or tumours, thereby creating a bank of varying pathologies for teaching purposes. Furthermore, our 3D-printed airway models could be used to practice insertion of advanced lung isolation techniques as theoretically proposed by Bustamante [30] . Fused deposition modelling also has financial advantages, as our models can be printed for less than £0.60 (€0.80, $1) as compared with the higher resolution, but more expensive option, of SLA and SLS printing. Additionally, just as described by Wilson et al. [25] and Han et al. [26] , the concept of pre-planning airway device insertion in patients with advanced airway pathologies such as tracheal tumours or stenosis should be explored further. A potential barrier to clinicians exploring 3D printing may be the perceived idea of high costs associated with this technology. Certainly, a commercial market exists, and several well-known professional 3D printing businesses offer to print for medical services. The products are extremely high-end, as they often use SLS and SLA printers which are outside the reach of most institutes, barring those with affiliations to particular universities. Unfortunately, these printing techniques are expensive, with prices for such printed models similar to that of currently available traditional plastic moulded training sets. We, therefore, have focussed our research on fused deposition modelling desktop printers. Setup costs, as previously explained, include the initial purchase price of the printer, a functional computer to run the software, the software itself and ongoing print medium. Fused deposition modelling printers are reasonably affordable for most, have minimal ongoing costs, require little maintenance and consumables are extremely cheap with 1 kg spools of polymer able to create large numbers of models. Although SLA printers are slowing coming down in price, entry-level printers still cost around double that of the higher-end fused deposition modelling printers. Furthermore, a standard unit of SLA printer ultraviolet resin costs up to 10 times as much as that of fused deposition modelling consumables, and produces far less end product. Open source software again avoids the costs of acquiring computer programs, although some may justify the cost of licensing commercially available software, due to the added benefits of having customer support.
We believe this technology to be an exciting and economically viable option for departments to consider when deciding on how best to provide realistic models for laboratory skills training. We also think that as the models are based on real patient imaging, they potentially offer more realism and fidelity than commercial trainers, which often simply teach dexterity and the components of the procedure.
To the best of our knowledge, this is the first time that the applications of 3D printing directly relating to anaesthesia has been reviewed in the literature. We hope that this inspires others to consider this form of technology as a viable and creative means to provide high-quality, high-fidelity training phantoms for clinicians and trainees to learn, improve and maintain procedural skills at minimal cost. We invite other anaesthetists or critical care specialists with experience of, or an interest in exploring, 3D printing in the realm of education to comment; we would welcome further discussion on the use of this technology. Our ultimate hope in writing this manuscript is that the anaesthetic community is able to develop this technology to its full potential. We envisage the development of a bank of freely available, ready to print, downloadable 3D blueprints with accompanying easy to follow instructions, so that any teaching department in the world has the ability to economically 3D print training models. This technology is already within reach of all, and we expect an explosion in interest and ideas in the coming years as this technology rapidly progresses and 3D printers become even cheaper than they already are.
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